Introduction
The epidermis is permanently submitted to stress and trauma, including UV radiation from sunlight, chemicals, infectious attacks and burn injuries. The keratinocytes provide a tight stratified barrier that maintains the integrity of the epidermis, which is crucial to ensure the protective capacity of this widely extended body organ. New differentiating keratinocytes continuously emerge from the proliferative basal layer of the epidermis to replenish upper layers, progressively differentiating into the exterior cornified and desquamating dead envelope.
In order to understand the molecular nature of the mechanisms governing epidermal repair, we developed a 'helicoidal scarificator', which submits keratinocyte epithelial sheets, obtained in vitro, to massive mechanical injury. Such an injury mimics some aspects of epidermal wound healing and allows the screening of genes and proteins involved in this process (Turchi et al., 2002) . Large-scale DNA array analysis at different times after wounding revealed specific transcriptomal signatures, including upregulation of numerous genes that had never been previously identified in other epidermal wounding systems (Fitsialos et al., 2007) . A number of these genes are known to be targets of the HIF1 transcription factor.
HIF1 is a master regulator of oxygen homeostasis and is composed of HIF1α , a finely regulated subunit, and HIF1β (also named ARNT), a ubiquitously expressed subunit (Semenza, 1998) . HIF1 is a member of the basic helix-loop-helix (bHLH) family of transcription factors in which the HLH domains mediate α-and β-subunit heterodimerisation and the basic domain binds to a 5Ј-RCGTG-3Ј consensus sequence called the hypoxia-responsive element (HRE), which is found in HIF1 target gene promoters. HIF1 controls the expression of almost 70 genes involved in several aspects of cancer progression, including metabolic adaptation, apoptosis resistance, angiogenesis, invasion and metastasis (for reviews, see Pouysségur et al., 2006; Semenza, 2002) . HIF1α is tightly regulated by multiple post-translational modifications that control protein stability in an oxygen-dependent manner through the ubiquitin-proteasome pathway (Maxwell et al., 1999) . At normal oxygen levels (normoxia), the HIF1 prolyl hydroxylases (PHDs) hydroxylate HIF1α, allowing the binding of the E3 ligase von Hippel-Lindau (pVHL) and leading to HIF1α ubiquitylation, which targets the protein to the proteasome for degradation (Berra et al., 2006) . Under hypoxia, the hydroxylase activity decreases, which reduces HIF1α hydroxylation and attenuates protein degradation. Although oxygen tension plays a major role in the control of HIF1 stability, this factor can be further modulated by either transcriptional (Buscà et al., 2005) or post-transcriptional mechanisms activated by hormones, or growth-factor-dependent pathways including the MAPK or PI3K cascades (for review, see Bardos and Ashcroft, 2005) . However, HIF1 regulation in skin cells has been poorly investigated. Furthermore, very few studies dissect the role of this transcription factor and its target genes in cell migration, in particular in the context of the epidermis. The transcriptomal analysis of wounded keratinocytes in vitro demonstrated that a number of genes involved in adhesion and migration are upregulated after 'injury'. Among these genes, we highlighted those encoding the three chains (α3, β3, γ2) of laminin-332 (formerly laminin-5) (Aumailley et al., 2005) . Laminin-332 is Epidermal wound repair is a complex process involving the fine orchestrated regulation of crucial cell functions, such as proliferation, adhesion and migration. Using an in vitro model that recapitulates central aspects of epidermal wound healing, we demonstrate that the transcription factor HIF1 is strongly stimulated in keratinocyte cultures submitted to mechanical injury. Signals generated by scratch wounding stabilise the HIF1α protein, which requires activation of the PI3K pathway independently of oxygen availability. We further show that upregulation of HIF1α plays an essential role in keratinocyte migration during the in vitro healing process, because HIF1α inhibition dramatically delays the wound closure. In this context, we demonstrate that HIF1 controls the expression of laminin-332, one of the major epithelial cell adhesion ligands involved in cell migration and invasion. Indeed, silencing of HIF1α abrogates injury-induced laminin-332 expression, and we provide evidence that HIF1 directly regulates the promoter activity of the laminin α3 chain. Our results suggest that HIF1 contributes to keratinocyte migration and thus to the reepithelialisation process by regulating laminin-332. HIF1 in cell migration and laminin expression a secreted extracellular matrix protein and a major adhesive component of the epidermal basement membrane (Carter et al., 1991; Rousselle et al., 1991) , which tightly links the basal keratinocytes to the underlying dermis. Laminin-332 is a component of the anchoring filaments of the basement membrane, and its interaction with the integrin α6β4 induces nucleation of the hemidesmosomes (Borradori and Sonnenberg, 1999) . In vitro, laminin-332 also promotes proliferation, spreading, scattering, survival and migration of normal keratinocytes through its interaction with integrins α3β1 and α6β4, and the subsequent activation of different signalling pathways (Kariya and Miyazaki, 2004; Murgia et al., 1998; Nguyen et al., 2000; Nikolopoulos et al., 2005; Rousselle and Aumailley, 1994) . Laminin-332 also stimulates in vitro migration and invasion of human tumour cells (Fukushima et al., 1998; Kariya and Miyazaki, 2004) . In the healing process, laminin-332 expression is induced in keratinocytes at the wound edge. The potent cell-migration-promoting activity of laminin-332 is thought to contribute to wound healing (Goldfinger et al., 1998; Nguyen et al., 2000) and tumour invasion (Katayama and Sekiguchi, 2004; Marinkovich, 2007; Pyke et al., 1995) . Even though the role of laminin-332 in human skin wound healing has been largely confirmed, the characterisation of the signals that trigger its regulation in the particular context of keratinocyte reepithelialisation is currently not fully understood. In this paper, we demonstrate a strong upregulation of HIF1α after the disruption of the keratinocyte monolayer integrity in normoxia. Furthermore, we provide evidence for the role of HIF1 in keratinocyte migration. Finally, we demonstrate that laminin-332 is a new HIF1 target and might be largely responsible for the promigratory role of this transcription factor.
Results

HIF1 target genes and HIF1α protein are induced in keratinocytes upon in vitro wounding
In order to dissect the molecular events involved in epidermal repair, we performed a transcriptomal array that would identify the genes induced upon scratch wounding of confluent human keratinocyte cell cultures using a standardised and well-characterised experimental procedure (Fitsialos et al., 2007) . Among the genes upregulated in wounded cells, several were bona fide HIF1 transcriptional targets, namely vascular endothelial growth factor A (VEGFA), plasminogen activator inhibitor 1 (PAI1), ETS1, insulin-like growth-factor-binding protein 3 (IGFBP3), N-myc downstream-regulated gene 1 protein (NDRG1) or cyclooxygenase 2b (COX2) (for review, see Denko et al., 2003) (Fig. 1A) . Therefore, we focused our attention on the regulated α subunit of HIF1. However, when analysing the DNA array, we observed that HIF1α mRNA levels did not vary significantly after wounding. These results were further confirmed by real-time quantitative PCR (Fig.  1B) .
As clearly established in the literature, the main regulation of HIF1α takes place at a posttranslational level by stabilisation of the polypeptide. Thus, we analysed HIF1α protein levels by western blot. We found that HIF1α highly increased in a transient manner after scratch wounding of confluent NHKs or HaCaT keratinocyte monolayers in normal oxygen conditions ( Fig. 2A) . Immunofluorescence experiments also revealed an increase in the nuclear HIF1α staining within the keratinocytes migrating from the wound edge (Fig. 2B upper panel) as well as within the confluent monolayer further away from the scratch site ( Fig. 2B lower panel) . A mouse model was used to assess the induction of HIF1α protein upon injury in more physiological conditions. Mice were punched as described in the methods section, and skin histological slices were obtained from 1 to 9 days after punch injury. HIF1α protein was then detected using the anti-HIF1α antibody. As observed in Fig. 2C , HIF1α was not detected in the keratinocyte nuclei of nonwounded mouse epidermis. However, only some nuclei of the keratinocyte migrating tongue showed HIF1α-positive staining 1 day after injury. On day 3, the number of HIF1α-labelled cells increased greatly in the re-epithelialising keratinocytes all over the epidermis, and remained high at day 5. At day 7, the labelling decreased and HIF1α was no longer detected once the wound was completely closed at day 9.
The PI3K pathway mediates the injury-dependent HIF1α increase A compilation of reports has evoked a post-transcriptional regulation of HIF1α expression via the PI3K-AKT pathway in normoxia (for review, see Maynard and Ohh, 2007) . Since our scratch experiments were performed in normoxia and because we have previously shown that keratinocyte wounding activates the PI3K pathway (Fitsialos et al., 2007) , we hypothesised that this signalling cascade could account for the HIF1α post-transcriptional upregulation that we observed.
Primary human keratinocytes and HaCaT cells were treated or not with the PI3K inhibitor LY294002 and HIF1α protein expression was analysed by western blotting at different times after injury. We observed that PI3K inhibition, determined by the decrease in AKT phosphorylation, strongly inhibited the injury-stimulated HIF1α expression (Fig. 3 ). These results demonstrate that, in wounded keratinocytes, the PI3K pathway activation is necessary to promote HIF1α expression. Furthermore, additional experiments demonstrated that activation of the PI3K pathway is mandatory to maintain high HIF1α protein levels (data not shown) meaning that stabilisation of HIF1α requires active PI3K signalling.
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HIF1 plays an important role in keratinocyte cell migration
In order to focus on the putative physiological role of HIF1, we analysed cell migration, one of the major biological processes involved in the closure of the wound bed. We knocked down HIF1α expression in HaCaT keratinocytes by specific siRNAs and evaluated cell migration using time-lapse videomicroscopy and Transwell Boyden chamber assays. Cells grown up to 80% confluence were either transfected with a control siRNA (siCtr) or HaCaT cells and normal human keratinocytes (NHK) were incubated for 1 hour in the presence of the PI3K inhibitor LY294002 (15 μM) and were then scratch wounded. Cells were collected 1 and 3 hours after injury and submitted to western blot analysis to detect HIF1α and phosphorylated AKT (as a reporter of the PI3K activity). NW, non-wounded cells. GAPDH was detected as a loading control. HIF1 in cell migration and laminin expression a siRNA targeting HIF1α (siHIF1α) . For time-lapse microscopy, the confluent monolayer was manually scratch wounded and the wound closure was filmed for 24 hours. Images were extracted from the film immediately after scratching (t=0) as well as 12 and 24 hours after injury and the kinetics of wound closure were quantified ( Fig. 4A and B). For Transwell in vitro migration assays, cells were trypsinised 48 hours after siRNA transfection and deposited into the Transwell insert. Migrating cells were analysed and quantified as described in the Materials and Methods. The results showed that, independently of the migration assay, HIF1α silencing inhibited the in vitro migration by almost 50% (Fig. 4A and B) . It is worth mentioning that cell proliferation (assessed by cell counting experiments as well as BrdU incorporation or cyclin A labelling assays) was not affected by HIF1α silencing at the defined time points (not shown). This strongly suggests a specific role of HIF1 in cell migration. To confirm the abrogation of HIF1α expression by the transfected siRNAs, we performed real-time quantitative PCR and by western blot analysis (Fig. 4C ).
Laminin-332 expression increases upon scratch wounding and correlates with HIF1α induction
To investigate potential molecular mechanisms responsible for the HIF1-dependent regulation of keratinocyte migration, we searched, in our transcriptomal screening (Fitsialos et al., 2007) , for genes encoding proteins involved in keratinocyte adhesion or motility. We highlighted the induction of the three genes encoding the different chains of laminin-332, namely LAMA3 for the α3 chain ( Fig. 5A ) that increased from 3 hours to 24 hours after scratch wounding, but also LAMB3 for the β3 chain and LAMC2 for the γ2 chain (not shown). This induction was confirmed by real-time quantitative PCR ( Fig. 5A ) and by immunofluorescence experiments (Fig. 5B) . As a result of the upregulation of its α3, β3 and γ2 subunits, laminin-332 protein clearly increased upon scratch wounding, and this increase correlated with the HIF1α protein upregulation occurring in the migrating primary keratinocytes (Fig. 5B upper panel) , as well as in cells located further within the confluent monolayer ( Fig.  5B lower panel) . These increases were detected at early times after injury, but were visualised more easily after 24 hours (Fig. 5B) . It is worth noting that two antibodies were used to detect laminin-332 in immunofluorescence experiments: either GB3 monoclonal antibody recognising the native trimeric form of the protein, or the BM165 monoclonal antibody specific to the α3 chain (Rousselle et al., 1991) . As expected, both antibodies revealed an identical pericellular and extracellular labelling pattern for laminin-332, indicating that the upregulation of the α3 chain was accompanied by an increase of the trimeric (α3β3γ2) protein expression and secretion (Fig. 5B) .
To confirm the correlation between HIF1α induction and laminin-332 upregulation, we induced the expression of HIF1α protein in keratinocytes by treatment for 15 hours with CoCl 2 Fig. 4 . Depletion of HIF1α inhibits keratinocyte cell migration. (A) HaCaT keratinocytes transfected with a nonrelevant siRNA (siCtrl) and a siRNA targeting HIF1α (siHIF1α) were scratch wounded with a micropipette tip and filmed for 24 hours using time-lapse videomicroscopy. The wound closure is illustrated by showing the wound size (arrow and a) immediately after injury and 12 and 24 hours after wounding. The right panel represents the quantification of the siHIF1α effect on the wound closure calculated by the measure of the diminution of the wound bed surface upon time by using Image J software. Results are represented as the percentage of the wound closure of monolayers obtained with cells transfected with the siHIF1α compared with that observed in the cultures of cells transfected with the nonrelevant siRNA (siCtrl) (taken as the 100% value). Each experiment was performed at least three times, and different areas of several scratches were randomly taken. (B) siRNA-transfected HaCaT keratinocytes were seeded in the upper chambers of Transwell inserts. After 24 hours, cells on the lower side of the filter were stained with DAPI and scored in five independent fields. Experiments were carried out three times and each condition was performed in triplicate. (C) Verification of HIF1α abrogation by the specific siRNA duplex. Transfected cells were scratch wounded, harvested 6 hours later then HIF1α mRNA and protein were analysed respectively by real time Q-PCR (left panel) and by western blotting (right panel).
(Co 2+ ), which stabilises HIF1α protein (Yuan et al., 2003) (Fig.  5C ). We next analysed laminin-332 expression by measuring, by real-time quantitative PCR, the LAMA3 mRNA (Fig. 5C ). We clearly observed that Co 2+ strongly induced the expression of the mRNA encoding the α3 subunit. Then we measured the laminin-332 protein levels and distribution by immunofluorescence upon 15 to 24 hours of Co 2+ exposure. We observed that laminin-332 labelling increased concomitantly with the upregulation of nuclear HIF1α. This happened in both HaCaT cells and normal human keratinocytes (NHKs) (Fig. 5D ). We therefore conclude that an increase in HIF1α protein correlates highly with upregulation of laminin-332.
HIF1 regulates laminin-332 expression
To definitively demonstrate the role of HIF1 in laminin-332 induction, we analysed the effect of HIF1α silencing on the expression of laminin-332 measured both by immunofluorescence and by real-time PCR quantification of LAMA3 mRNA expression. We transfected HaCaT keratinocytes, with a control siRNA or with Journal of Cell Science 121 (18) one of two different siRNAs targeting HIF1α. The confluent cell monolayer was then submitted to scratch wounding using the helicoidal scarificator. Total mRNAs were extracted from cells in non-wounded conditions (NW) as well as 6 hours after injury (W) and the LAMA3 transcripts were measured by real-time quantitative PCR. We found that HIF1α cell depletion inhibited the woundingdependent induction of the LAMA3 mRNA by more than 60% (Fig.  6A) .
The same experiment was performed to visualise the effect of HIF1α siRNA on the expression of the laminin-332 protein after scratch wounding or CoCl 2 treatment by immunofluorescence in HaCaT cells. We observed that when the injury-or CoCl 2 -induced HIF1α expression was strongly diminished by the specific siRNA transfection, cells showed a reduced labelling for laminin-332 (Fig.  6B) . The same result was obtained after transfection of a siRNA targeting PHD2 that stabilised and upregulated HIF1α expression (Berra et al., 2003) . Indeed, we observed that, in confluent unwounded HaCaT cells, the PHD2-dependent HIF1α protein upregulation was accompanied by an increase in laminin-332 (Fig. . After 24 hours, cells were fixed and immunofluorescence analysis was carried out to detect HIF1α protein (green) and laminin-332 (red). Nuclei were stained using the DAPI. Scale bar: 20 μm.
6B, lower panel). Taken together, these results demonstrate that HIF1α contributes to the regulation of laminin-332 expression in keratinocytes.
To further evaluate the direct impact of HIF1 on laminin-332 transcriptional upregulation, we performed luciferase reporter assays to measure the activity of the human LAMA3 promoter in basal conditions and when HIF1α was overexpressed. To this aim, HaCaT cells were cotransfected with a plasmid encoding a promoter fragment of the human laminin-332 α3 chain cloned upstream of the luciferase reporter gene (Virolle et al., 2002) and either an empty vector (pcDNA3) or a construct encoding the HIF1α gene (HIF1A). Luciferase values revealed that the activity of the LAMA3 promoter significantly increased upon HIF1α promoter driving the expression of the luciferase reporter gene was cotransfected in HaCaT cells with either an empty vector (pcDNA3) or a construct encoding HIF1α. A control condition where the Mut hLAMA3-Luc promoter was cotransfected with an USF1-encoding plasmid was also performed. In A, B and D, the histograms show the mean ± s.e.m. of the results obtained in three independent experiments resulting from transfections performed using different plasmid preparations. (E) A ChIP assay was performed on extracts from 6 hour CoCl 2 -stimulated HaCaT keratinocytes. HIF1α immunoprecipitation was performed using a specific anti-HIF1α antibody. Primers spanning the LAMA3 (upper panel) or the VEGF (lower panel) promoter regions were used for PCR amplification. In (input) represents the control of the PCR amplification performed using HaCaT genomic DNA, which showed a 142 bp and a 104 bp band corresponding to the amplification of the LAMA3 and VEGF promoter regions, respectively. The IgG (M,R) and Pol2 lanes indicate the PCR amplification obtained when the extracts were immunoprecipitated with a non immune mouse immunoglobulin (M), a non relevant rabbit antibody (R) or an antibody raised against the RNA polymerase II (Pol2). The Pol2 antibody was included in the kit and represents a supplemental positive control, according to the manufacturer. PG, amplification after immunoprecipitation with protein-G-coupled beads only.
cotransfection, albeit to a lesser extent than upon cotransfection with a plasmid encoding the USF1 transcription factor that was used as a positive control (Virolle et al., 2002) (Fig. 7A) . To verify the efficiency of the HIF1A construct we transfected a reporter plasmid containing three HRE consensus sites upstream of a minimal thymidine kinase promoter and the luciferase reporter gene. As expected, HIF1A cotransfection exerted a strong stimulatory effect on this HRE-promoter activity (Fig. 7B) . Taking into account that the human transfected LAMA3 promoter contains a putative HRE consensus site (GCGTG) at position -108 from the transcription initiation site (Fig. 7C) , we investigated whether this sequence could be required for the HIF1-dependent regulation of the promoter activity. We therefore mutated this site and created a novel mutant construct designated Mut hLAMA3 promoter. When we cotransfected this reporter plasmid together with the HIF1A construct, we observed a loss of the HIF1-dependent promoter induction (Fig. 7D) . By contrast, USF1 stimulated the mutant promoter activity as efficiently as the non-mutant one. This led us to hypothesise that this HRE site is functional for HIF1 binding and it is involved in the HIF1-dependent LAMA3 stimulation. Moreover, these experiments suggest that HIF1 could regulate LAMA3 via a direct interaction with its promoter sequence.
To verify this assertion, we performed chromatin immunoprecipitation assays (Fig. 7E) . HaCaT cells were stimulated with 200 μM CoCl 2 for 6 hours to maximally increase HIF1α protein expression. Chromatin complexes were immunoprecipitated with the antiserum 2087 to human HIF1α and a PCR amplification was performed using specific primers to the human LAMA3 promoter region. As shown in Fig. 7E (upper panel), we detected a specific amplification of the LAMA3 promoter region in cells treated with CoCl 2 after chromatin immunoprecipitation using anti-HIF1α antibody. As a positive control, we used specific primers spanning the VEGF promoter region, which are well known targets of HIF1 (Fig. 7E, lower panel) . Specific bands corresponding to LAMA3 and VEGF were detected when using human genomic DNA (Fig.  7E , upper and lower panels, respectively). In the presence of a mouse immunoglobulin or a nonrelevant rabbit antiserum, no specific amplification was observed. We therefore conclude that HIF1 binds to the LAMA3 promoter in the chromatin context of HaCaT cells where HIF1α has been induced. Taken together, these results show that the role of HIF1 in laminin-332 expression in keratinocytes is mediated by direct control of the transcriptional activity of LAMA3 promoter.
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Discussion
In the present work we describe the post-transcriptional and oxygenindependent induction of HIF1α protein upon the scratch disruption of a human keratinocyte sheet using a specific experimental approach that recapitulates some aspects of epidermal reepithelialisation, a major event in skin wound healing. We also report that HIF1α protein increases in vivo upon injury in mouse epidermis. Furthermore, we identify HIF1 as a key player in keratinocyte migration and demonstrate that laminin-332 expression is regulated by HIF1 transcription factor. Considering the promigratory role of laminin-332, it is likely that, by regulating its expression, injury-stimulated HIF1 promotes keratinocyte cell migration in normal oxygen conditions and contributes to wound closure (see model proposed in Fig. 8 ).
HIF1 transcription factor has been shown to play a key role in tumour progression by controlling the metabolism, the proliferation and migration of tumoral cells (Semenza, 1998) . However, despite the multiple analogies existing between tumorigenesis and wound healing (Dvorak, 1986) , the role of HIF1 in skin repair has not been clearly established, although some studies have started to address this question. A transcriptional upregulation of HIF1α in mouse skin wound healing has been previously evoked by Elson and coworkers (Elson et al., 2000) . These authors showed, by using in situ hybridisation, that HIF1Α mRNA was induced after injury, but they did not analyse the regulation of HIF1α protein nor its physiological impact in skin repair. Hypoxia is considered to be the main signal that upregulates HIF1α protein levels (Zagorska and Dulak, 2004) , most notably in tumours, and it is thus tempting to link hypoxia and wound healing. Authors have thus proposed that acute in vivo skin injury creates a local hypoxic microenvironment Niinikoski et al., 1972; Varghese et al., 1986) . Nevertheless, HIF1α protein induction in this specific context and its putative functional role in the healing process, have never been investigated. Others have documented the hypoxia and thereby HIF1α expression in specific subcompartments of the epidermis, such as hair follicles and sebaceous glands. In other areas of normal human skin, HIF1α is present at only low levels.
Our work clearly shows that HIF1α protein increases after in vitro wounding, which strongly suggests an active role in wound closure. Interestingly, this upregulation occurs in conditions of normoxia, indicating that a local hypoxia is not absolutely required to induce HIF1 in normal epidermal cells. However, if hypoxia is not at the origin of HIF1α upregulation, what are the molecular Fig. 8 . Illustration of a hypothetical mechanism for the role of HIF1 in the control of keratinocyte migration during wound closure. The disruption of the integrity and cohesion of the keratinocyte monolayer consequent to scratch wounding activates PI3K signalling, which leads to an increased expression of HIF1α and results in the upregulation of the HIF1 target genes among which is LAMA3 that encodes the α3 subunit of laminin-332 and reflects the upregulated synthesis of laminin-332. Enhanced deposition of laminin-322 to the ECM, strongly influences the keratinocyte adhesion and their migration capacity. HIF1 in cell migration and laminin expression signals responsible for such induction? It is tempting to speculate that a large set of soluble factors released by keratinocyte wounding such as proheparin-binding EGF-like growth factor (HBEGF), proepiregulin (EREG), amphiregulin (AREG), protransforming growth factor α (TGFA) and platelet-derived growth factor (PDGF) or parathyroid hormone-related protein (PTHLH) (see Wenger, 2002) , and also the pro-inflammatory cytokines, leukaemia inhibitory factor (LIF), interleukin-1 (IL-1) and IL-18 (Chandrasekar et al., 2005; Ohbayashi et al., 2007) , could account for this high HIF1α upregulation. The majority of these factors are known to activate PI3K, which is in agreement with the observation that, in our model, this kinase plays a central role in HIF1α protein synthesis. However, these soluble factors probably only constitute a part of the many molecular mechanisms responsible for HIF1α induction. Indeed, we observed that the exposure of keratinocytes to conditioned medium collected from wounded cells only modestly upregulated HIF1α protein expression (not shown), thereby suggesting that additional signals, and particularly those generated by the alteration of the mechanical strength, namely shear stress, could initiate mechanotransduction, thereby driving the strong HIF1α increase that we detect. In our cell system, this rupture induces matrix metalloproteinase 9 (MMP9) expression (Turchi et al., 2003) . Mechanical stress, which is at the origin of many cellular processes (reviewed in Li et al., 2005) , has also been described to induce HIF1α in the myocardium, a very different cell context (Kim et al., 2002) .
Strong cell-cell cohesion and cell-ECM adhesion is essential for epithelium homeostasis, and the rupture of the cell monolayer upon scratch wounding launches signals that stimulate cell migration and proliferation to restore the lost 'tissue' integrity. It is worth noting that increased HIF1α was detected in migrating cells as well as in keratinocytes inside the cell monolayer. We can thus infer that the monolayer rupture induces a global reorganisation of the keratinocyte sheet. This can be easily observed by videomicroscopy, which clearly detects a global cell movement that correlates with the observed HIF1α induction in cells far from the wound edge (data not shown). This capacity of the keratinocyte sheet to globally reorganise is probably essential for proper wound bed closure. Indeed, time-lapse analysis showed that, in contrast to fibroblasts that migrate individually into the scratch 'bed' after injury, keratinocyte cells do not dissociate from each other but rather slide together into the wound because of high epithelial cellcell cohesion.
We found that HIF1 induction is a key element of the molecular cascade generated by injury and controlling keratinocyte motility, because its depletion by specific siRNAs strongly delayed the closure of a scratch performed on confluent keratinocytes. Interestingly, HIF1α silencing did not affect keratinocyte cell proliferation at the analysed time points (not shown), suggesting a prevailing role of HIF1 in the control of cell migration in our experimental situation. Although several studies performed in other cell systems have shown that HIF1 can modulate integrin expression (Cowden Dahl et al., 2005) , FAK activity (Corley et al., 2005) , MMP expression (Miyoshi et al., 2006) , the expression of ephrins (Vihanto et al., 2005) as well as the classical c-met receptor (Pennacchietti et al., 2003) arguing for an involvement of the factor in cell adhesion, motility and invasion, the direct action of HIF1 in keratinocyte migration has never been demonstrated. Here we identify a novel HIF1 target, laminin-332 (laminin 5), which is one of the main keratinocyte-secreted extracellular matrix proteins. We show that HIF1 upregulates the expression of the heterotrimeric laminin-332 by stimulating the transcription of LAMA3 (the α3 subunit of laminin-332, which fully comprises α3, β3, γ2). The regulation of laminin-332 by HIF1 is in total agreement with the promigratory action of HIF1 that we observe. Indeed, laminin-332 is largely known to be induced during skin wound healing and to play a major part in keratinocyte adhesion and migration in physiological and pathological contexts (Amano et al., 2004; Kariya and Miyazaki, 2004; Nguyen et al., 2000; Ryan et al., 1994 ; for reviews, see Hartwig et al., 2007 and Nguyen et al., 2000) . Considering the major role of laminin-332 in promoting keratinocyte migration, its control by HIF1 could explain the antimigratory effect of HIF1α siRNA in our in vitro wounding model, and supports the notion that HIF1 is indeed a major player in keratinocyte motility. Our results seem to contradict another report (O'Toole et al., 1997) , which observed a decreased secretion of laminin-332 upon hypoxia. However, our experimental conditions were not hypoxic and these authors did not look further into the role of HIF1 in this process. We confirmed the involvement of HIF1 in laminin-332 regulation by showing that HIF1 is involved in the control of the transcription of the α3 subunit (LAMA3), which is mandatory for the proper biological function of this laminin (Gagnoux-Palacios et al., 2001; Schneider et al., 2007) . Moreover, we provide precise evidence demonstrating a new mechanism of laminin-332 regulation in the wound-healing context. Upon overexpression of HIF1α and by performing chromatin immunoprecipitation assays, we further demonstrate that HIF1 directly binds the HRE consensus sequence located at the position -108 of the LAMA3 promoter and regulates the transcriptional activity of this laminin-332 subunit. To our knowledge, this is the first time that direct transcriptional HIF1-dependent regulation of an extracellular matrix protein is reported. We further suggest that laminin-332 is an HIF1 target protein that might mediate the HIF1-controlled keratinocyte migration. Taking into account the reported involvement of laminin-332 in keratinocyte motility, in tumour growth and invasion (for a review, see Miyazaki, 2006) , we can envisage that, upon repeated injuries or in chronic wounds, a deregulation of HIF1α levels could trigger the enhancement of the invasion and metastatic potential of keratinocytes in aggressive epidermal carcinomas. Thus, the expression of HIF1α and laminin-332 in these cancers might help to evaluate their tumoral potential. Finding ways to target HIF1 in specific skin pathological situations might provide novel therapeutic tools.
Materials and Methods
Cell culture
Human keratinocytes isolated from healthy neonatal foreskin as described (Rheinwald and Green, 1975) were cultured on a feeder of lethally irradiated 3T3-fibroblasts (Turchi et al., 2002) . The HaCaT keratinocytes (Boukamp et al., 1988) were grown in DMEM (Gibco-BRL/Invitrogen, Carlsbad, CA) containing 10% fetal calf serum (Perbio Science AB, Helsingborg, Sweden). To inhibit PI3K, cells were treated with LY294002 (Calbiochem, San Diego, CA) 1 hour before scratch wounding.
Plasmids, siRNAs and PCR oligonucleotide sequences
The plasmid encoding the human LAMA3 promoter fragment upstream of the luciferase reporter gene is described (Virolle et al., 2002) . The 3-HRE-LUC reporter vector contains three copies of the HRE (hypoxia responsive element) from the erythropoietin promoter cloned upstream of a minimal thymidine kinase promoter and the luciferase reporter gene (Berra et al., 2003) . The plasmids encoding HIF1α and USF1 have been previously described (Richard et al., 1999) and (Pognonec et al., 1992) , respectively.
For HIF1α silencing, two siRNA DNA sequences were used: 5Ј-GCCAC -TTCGAAGTAGTGCT-3Ј and 5Ј-CCTATATCCCAATGGATGATG-3Ј (Buscà et al., 2005; Warnecke et al., 2003) . To silence PHD2, the DNA sequence was: 5Ј-CTTCAGATTCGGTCGGTAAGG-3Ј (Berra et al., 2003) . As non-relevant siRNAs, we used the siLUC: 5Ј-CGTACGCGGAATACTTCGA-3Ј (Buscà et al., 2005) and the Drosophila melanogaster HIF1α gene (SIMA): 5Ј-CCTCATCCCGA TC -GATGATG-3Ј as described elsewhere (Berra et al., 2003; Busca et al., 2005) .
Antibodies
The rabbit polyclonal anti-HIF1α antibody (antiserum 2087) was described (Richard et al., 1999) . The mouse monoclonal antibodies GB3 to native laminin-332 (Verrando et al., 1987) and BM165 to laminin α3 (Rousselle et al., 1991) were used at dilutions of 1:200 and 1:100 respectively. The anti-phospho-AKT antibody (1:6000) was from Cell Signalling Technology (Invitrogen, Carlsbad, CA). The polyclonal anti-GAPDH antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used at a 1:8000 dilution. The anti-mouse and anti-rabbit peroxidase-conjugated antibodies (Dakopats Hamburg, Germany) were used at 1:20,000 dilution. The Alexa-Fluor-488 and -594 anti-mouse and anti-rabbit (Molecular Probes, Eugene, OR) were used at 1:400 and 1:500 dilutions, respectively. An anti-Hsp60 (from Santa Cruz Biotechnology) was also used to perform gel-loading controls.
RNA extraction real-time quantitative PCR and DNA array screening Total RNAs were extracted using TRIzol reagent (Invitrogen) and RNeasy protect mini kit (Qiagen, Courtaboeuf, France). mRNA levels were quantified by one-step real-time RT-PCR using SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA). The oligonucleotide sequences corresponding to the different genes analysed are available upon request. The DNA array screening used in this study has been described (Fitsialos et al., 2007) .
Scratching protocol and western blotting
The standardised scratch wounding conditions using the 'helicoidal scarificator' were described previously (Turchi et al., 2002) . After wounding, cells were washed with PBS and frozen at -80°C. Proteins were lysed in Laemmli buffer and analysed by western blot (Turchi et al., 2002) . For time-lapse and immunofluorescence experiments, scratch wounding was performed using a micropipette tip.
Transfections and luciferase assays, site-directed mutagenesis
HaCaT cells were transiently transfected using lipofectamine 2000 (GIBCO-BRL), according to the manufacturer's protocol, lysed 48 hours later in cell lysis buffer (Promega France, Charbonnières, France) and assayed for luciferase activity (Promega).
Directed mutagenesis of the HRE site was performed using the Quickchange directed mutagenesis kit (Stratagene/Agilent Technologies, Wilmington, DE) according to the manufacturer's protocol. The oligonucleotide DNA sequence was 5Ј-CACCCTCCTACCCAGCTCGAGTTCCCTGCCGTGACTC-3Ј. The siRNA duplex transfection (50 nM) was carried out using either the calcium phosphate technique (Berra et al., 2003) , or the RNAiMax lipofectamine reagent as devised by the manufacturer (Invitrogen). HaCaT cells were scratch wounded 36 hours after transfection when the culture reached confluence.
Immunofluorescence microscopy
Cells grown on coverslips were fixed in paraformaldehyde (PFA) and permeabilised in 0.1% Triton X-100. The cells were incubated for 1 hour with the primary antibody diluted in PBS with 0.1% bovine serum albumin, then with the appropriate conjugated secondary antibody. Nuclei were stained with DAPI, coverslips were mounted on glass slides and viewed with an Axiophot fluorescent microscope (Carl Zeiss S.A.S., Le Pecq, France). To acquire the images, a COHU (High performance CCD camera) and the Leica Q-Fish (Leica Microsystems, Tokyo, Japan) informatics software were employed.
Mice wound-healing experiments and immunohistochemistry
A 6-mm-diameter full-thickness wound was punched on the dorsal midline of 8-week-old C57Bl/6 male mice using a biopsy punch. Wounded areas surrounded by unwounded skin were dissected at day 1, 3, 5, 7 and 9 after injury, fixed in PFA and embedded in paraffin. Wound specimen sections (4 μm) were deparaffinised, rehydrated, and antigen retrieval was performed by microwave treatment at 650 W for 6 minutes in citrate buffer pH 6.0. After blocking of nonspecific binding, wound specimens were incubated for 2 hours with the anti-HIF1α antibody (1:5000) then with peroxidase-conjugated anti-rabbit antibody. Immunoreactivity was visualised with peroxidase reaction using aminoethylcarbazole, and specimens were counterstained with haematoxylin.
In vitro migration analysis and time-lapse videomicroscopy
For Transwell migration, siRNA-transfected HaCaT cells were seeded in the upper chambers of Falcon Transwell inserts (8 μm size pores) in serum-free medium. Modified Eagle's medium containing 10% fetal bovine serum was added to the lower compartment as chemoattractant. After 24 hours, cells on the lower side of the filter were fixed with 3% PFA and nuclei were stained with DAPI. Four fields of defined size were photographed and counted by using Image J software (http://rsb.info.nih.gov/ij/). For time-lapse experiments siRNA-transfected cells were wounded with a micropipette tip and different fields were filmed using a Zeiss videomicroscope then analysed using Metamorph software (Molecular Devices, Sunnyvale, CA).
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HaCaT cells were stimulated for 6 hours with CoCl 2 and were then treated with 1% formaldehyde for 5 minutes at 37°C and for 30 minutes at 4°C. Cells were harvested and the chromatin immunoprecipitation was performed using the Chromatin Immunoprecipitation (ChIP) Assay Kit from Upstate Biotechnology (Upstate Biotechnology, Lake Placid, NY) according to the manufacturer's instructions. After immunoprecipitation, the genomic captured fragments were then recovered by phenolchloroform extraction. Identification of the LAMA3 or VEGF promoter fragments was performed by PCR analysis using specific promoter primers. 35 cycles of PCR were performed and the amplified products were analysed on a 2% agarose gel.The antiserum used for immunoprecipitation was directed against the C-terminus of HIF1α and has been described (Richard et al., 1999) . The oligonucleotide sequences used to amplify the LAMA3, and VEGF promoters by PCR were respectively LAMA3: F, 5Ј-CTTCCTCCATCTCTTTTTAGCCTG-3Ј, R, 5Ј-CATCACCTTCCACCCACCT-CAC-3Ј; VEGF: F, 5Ј-GAGAGAGACGGGGTCAGAGGAGAG-3Ј, R, 5Ј-CAG -CGCGACTGGTCAGCTG-3Ј.
